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By Hans Ebner

SUMMARY

The present report gives a method for computing the
torsion of boxes with thin shear-resistant or simply ten-
slon-resistant walls under any torsiomnal load, support and
dimension. The final stress condition 1s developed from
that of a principal system with unconstralned sectional
buckling corresponding to Bredt's formula ~nd an addition~
al stress conditlon due to constrained cross-secitional
buckling. This is computed by means of the deflection
condition of the principal system from a statically inde-
terminate calculeation. Conformably, the torsional rigid-
ity of the final system is derived from that of the prin-
cipal system with unconstrained sectional buckling. It
1s shown that the additional stresses due to constrained
sectional duckling become s0 much more decisive as the di-
mensions of the 1ndividual side walls vary from each other.
In general, 1t suffices to determine the additional stress—
es from a single or, at the most, double, statically inde-
terminate partial system at the polints of strong dbuckling
corstraint by assuming in their plane rigid dulkheads or
using the formules derived for regular systems., The dis-
crepancy in torsional rigidity from that computed by
Bredt's formula, is insignlficant except for short boxes.

I. INTRODUCTION

Boxes (fig. 1) consisting of four side walls with re-
inforcing bulkhesds are extensively umsed in eirplane and

P
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ship construction. They msually form the center bdoxes of
metal- and ply-covered wings, airplane bodies, ship hulls,
and double bottoms of ships. In this connection, the box
is predominately stressed in bending (which is not, how-
ever, within the scope of this paper (reference 1)) and in
torsion.,

The analysis of thin-walled boxes under torsion is -
very simple, provided unconstrained cross-sectional buck-
ling is ensured, and in which case Bredt's theory for
thin-walled tubes is applicadle (reference 2).

The stress of a box with shear-resistant walls under
torsion with constrained cross-sectional buckling has al-
ready been investigated for ffecific cases of loading,
support, and dimensions, namely: by Eggenschwyleser (refer—
ence 3) for the freely supported, unconstrained box with
sinusoldally dlstributed torsional loadling, and by Relss-
ner (reference 4) for the one-sidedly buckling resistant
box with evenly distridbuted torsional load. Whereas Eggen-
schwyyaamagsumes a box with constent cross section, Relss-
ner, mereaper, treats the box with linearly changing
height but otherwise constant dimensions. The premise of
both authors 1s the stiffening of the box by infinitely
closely spaced, rigid dulkheads. :

These assumptions as well as the limitations relative
to load and sigze are not made in the present report be-
cause in practice we encounter at times, boxes of differ-
ent load and size with less rigid bulkheads at wider spac-
ing, 4s a result the problem then reverts to the resolu~
tion of an equation of differences, l.e., of a system of
equations rather than of a differential equation, as in
the cited reports.

From the point of view of statles, the box with shear-
resistant walls requires no corner stiffeners when stressed
in torslon, although for structural reasons and because
of the concurrent strese in bending, 1%t 1s nevertheless
80 reinforced as a rule and therefore falls withilin the
scope of this 'study.

The plate girders used in alrplane design are very
thin metal webs with no regard to shear stiffness. The
woebs-act between the edge stiffeners and the upright stiff-:
eners (spaced sultably close, 1/2 to 1/5 beam height) as
"tenslon diagonal flelds." As demonstrated by Wagner (refT
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erence 5) for the flat-plate girder; the analysis of such
heams is very simple when assumlng pdge flanges stiff in
hynding, &nd cdan dbe redadily extexdsd-to Include -box beams
tith such very thin plate wallu,

;The case of box beams with longitudinal walls and
bulkheads conslsting of truasea. has been treated else~
there'tneferance 6) «
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II. PRINCIPLES

N

.4

.. P - ..
l. ¥otatlon (see.figs. 1 and 2). .

The bulkeads are denoted bi.

Olloa seas I - .1:::1i-'|“"-=1. soacse n" 1l n;

1,
positive longitudinally-when from left to right. The di-
visions between consecutive bulkheads or "cells” carry the
figure of their right~hand bulkhead. The bulkhead corners,
positive-lopgitudinally when clockwise are indicated by I,
II, III, and IV. The coordinate-.systems for thq individ~-
val longitudinal walla of the cells are 111uatrated in fig-

ure 2.

In addltion-'

a, apac;pgkgf_fulkheada
b.c, aidgé pfzﬁuikpeads o
db,dc.a. wall thickness of horizontal and uprigh£ lon~-
gltudinal walls and bulkheads.
1, length of systenm
¥, cross section of corner stiffener
My, individual torque about the 1ong1tud1na1 azis
at the rth bulkhead . -
N, ir' diatributed torsional load in rth. cell
comn~- Mg torsion.moment ia rth-cell ..
B,C, couples of horizontal and vérticaikforces
b tgnggntial.Pdge_loaﬁgpgf(kgfg) ' '

- - 2
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fiziiv Individual torque- :H-.-and couples B and 0 are pos-
i15ive--when qlockwigq-aé seon 1in popltive fore-and-aft di- -
pection, and twisting moment ¥ -is positive when the res
sultant of the outside torque at the lefi~hand part of- the
system 1s counterclockwise as seen in positive fore-and-
aft direction.  Folding the longitudinal walls 4in the
plane of:the forward longitudinal wall, we figure as pos-
itive: outside loads when downward, transverse loads and .
bending moments when the resultant of the outside loads

at the left wall portion is upward or turne clockwilse.
Tenslle stresses are positive.

-

2. Outeide Loads

} The outside torsional ioad of the box may appear as
individual torque X (m kg) at the bulkheads, or as tor-
sional load m ¢m kg/m) distributed across the length of

the cell, The eoffect of a distributed torsional load is
daiy-allowed for by dividing it over two supports-across:

- the-bulkheads, conformabdly to the support pressure of m -

r 8

bVeath. and computing the box for the thus 'preduced individ-

-val torque. The effect of the intermediate.loading 1s

atcounted for by analyzing the equilibrium condition from

-~ the’  inverse support torque and the interméediate torsional

load (fig. 2). The individual torque’' .M " and .the distrib-
uted torsional load m can be applied as couple of hori-
sontal and vertical forces My and ¥, oI myp and m,. The
torque Mj at the bulkheads then gives the effective
twisting moment iIn a cell ©r: :

RN . ) r-1 .p ~iat U
Mp==- I M¥3=+ I Mj

i=0 i=r

3. Principal System and Elasticity Equations

Division of the bdox loaded under- ihdilwidual torque ¥
(fig. 1) at the bdulkheads into a number 9f separate boxes
or "cells,"” affords a "principal system,® wherein the
cells themselves are in equilibrium when:the twisting mo~
ments Hr to be transmitted between each pair of cells
are applied as outeide torque (fig. 3)." The'etress condi-
tion of this system resulting from the twisting moment ap~-
plied at the cells ie readily defined. ' To Yllustrate: the
box with shear-reslsting walls gives an_attitude of pure
stress in shear, which can be computed with Bredt's formu-

- las (section III,2 - equation 15).
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""The distortion of the individual cells induces sec~ |
v tionai _buckling, 1.e., the.intersections of an originally
"¥lat cross section are ‘mo longer om a plane after loading
(fig. 4). 1If two consecutive cells are unlike as regardsg
load, form, or size, the cross-gectional buckling at the
intersecting bulkhepds 13 generally not the same., To re-
8dtablish the connection of the cells in the bdox, it is’
nébessary to: apply normal streeses between the cells so as
to balanée the-buckling differences. Such normal stresses
aAre. equally netessary when one end of the dbulkhead is to
b&'Joined to a rigild plane.

For reasons of equilibrium the normal stresses trans-
mitted between the. cells must be such that their result~-
‘ant 6ffect can.be represented in groups of four equal as-~

- ymmetrical normal stresses of amount X in the corners of
the bulkheads (fig. 3). Then a rational assumption For
the distribution of tiae normal stresses narrows the prod-
.lem down to a statically indeterminate group of-forces X
at:- each bulkhead, thus reducing the analysis of the box to
a statically indetérminate system whose static indetermi-
nation with' n cells and free-to-buckle connection of the
end bulkheads is (n - 1) times; for one-sided and two-.
sifed. buckling resistant fixation is 2 and (n + 1)
times. '

The effect of each group X, = 1 on the principal

aysten (fig. 3) is confined to the two contiguous cells r
and (r + 1). Thus the determination of quantities X,
with elastic bulkheads 1s effected by means of a system of
elagatliclty equations with five terms, the rth squation bde-
ing

8p,r-2Xr-at8y,r-1Xp-1+8p, p Xy
+0p , r+1 Xp+1+0r r4aXr+a= ~8r,0

By assuming the bulkheads as being rigid 1in plane, -
the equatlons contain three terms. .

The absolute terms 8,,, and the factors §p,3 de~
"hote the miutual bduckling of the-right=hand bulkhead of
cell r relative to the left-hand bulkhead of cell (r + 1)
as a result of 'the outslide load and condition X34 = 1l. The
buckling 1s denoted by the group of the four corner deflec—~
tions in the sense of the "buckling forces X.Y! Then the
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first problem is to define &8y, and &8y, ,4.. which stipu-

lates knowing the stress attitude on the cells in the prin-
cipal system dune to twisting moment N, and buckliag force

xr-

-

4, Distridution of Stresaes

. ., The elasticity equations merely state that the mutnal
deflection of the corners of two adjacent cells must dis-
appear at the common bulkhead. 8o, strictly speaking, a
distridution of the normal stresses must be presumed such
that no individual buckling of the side wall sections oa-

.curs. between the corners (fig. 4).

$y virtue of the stipulated thin-walled box the cell

.walls Are platcs within which occurs a plane stress.condi-

tion, ';th normal stresses oOx and Oy and shear stresses T,

Under the most clementary assumption the normal stresses
Oz are linearly distributed over the longitudinal walls

X -(¥avier formula), which according to the rigorous elas-
ticlty theory, stipulates in the whole plate a parabdoliec.

-Qistribution of shear stress T as well as a vanishing -
.normal stress ﬂy in transverse direction, However, ow-

ing to the parabolic shear distridution and with finilte
transverse elongation, the plate sections (fig. 4) expe-
rience an S-shaped bduckling as a result of the normal
stresses, and which becomes 80 much more pronounced as the

. plate 1s higher relative to 1ts width., In consegquence,

the Navier stress attitude 1s at variance with-the.previ-

- ously established boundary condition: no 1nd1y1dna1 buck-

.1ing of longitudinal walls between the bulkhegd cornara._

TFor this reason, Airy's stress function was used to’
determine a stress condition for X = 1, which accounts
for the boundary condition of vaniehing individual buck-
1ing of longltudinal walls at the bulkheads. The results
are glven in section VI in comparison with Navier'!s stress
formula for a relatively wide box (fige. 23 and 24). The
local stress discrepancies, particularly at the corners
of the loaded bulkhead, are not inconsideradle, although
they are minimized when the corners are reinforced. The
more precise investigation reveals the shear stress to De
more evenly distributed toward the bulkheads, although the
total stresses, according to the rigorous elastlcity the-
ory are not very much different from those conformable to
the Navier method, and since these are decislve for the
deflection factors, they may be computed, without appre~

4
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clabdle error, under an assumedly linear distributien of
normal stresses. Then the shear stress distribution 1s
parabolic, although it may also be assumed as uniformly
distributed with sufficlent accuracy. Following the cal-

. culatlion of the statically indeterminate X, +the final
stress condition can then be defined with the formulas
glven 1n the appendix,

III. COFDITION OF STRESS AND DEFLECTION

2.04_n_  OF PRINCIPAL SYSTEM

1. Hquare([Oell with Shear-Resistant Walls

)
-

ae- ol

. ¥Yhen stressing a cell in torque ¥ ercpﬁckling X
(fig. 3), the dulkheads transmit couples B and C to the
longitudinel walls. The couples can be defined from two
equilibrium equations (fig. 65). Owing to N, couples
B and 0 must firet set up the moment N at the bulkheads,
then produce longitudinal forces Ay and 4, at the indi-
vidual longitudinal walls which disappear when the latter
are Joined together. The forces B and ¢ due to X must
firet have a vanlshing moment at the bulkheads, and second,
produce forces A4y and A, which, upon assembly of the lon-

€iltudinal walls, form the there applied forces X. For an
arbitrary rth cell of the prismatic box, we have, owing to

E ’ 1 a0
M

2 ¢’

g

owing to Xp =1 at right (rth) bulkhead,

Op = = Fh= oo Bt (1)

" Bo = - 2o

3r="2_b—;| cr="£'— (2)

.0
P

- _—

¥hen loading the individual shear—-resistant walls then

with the defined B &nd ¢ forces, their boundary elonga-
tions €& wusually differ at the common edges I, II, III, IV.
To afford equal elongation, stipulates mutually tangential
effective edge loads t (kg/m) between the edges of the in-
dividual longitudinal walls (fig. 5). These loads t1 to

t;y are Qetermined with four equations, one of which, say
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at edge I, reads

T omat S r o Luwial oo . .

i nectaddeer o ¢1b = ‘Ic : (3)
.:\J . " l

- mheaequnatibn& yield in the reneralised cagse. a three~
tq;m,equqtion hystemuiom t, " which is readily resolved.

L
s

If the boz cell 15 symmetrical to the two median’
planes as regards form and size, the edge loads ¢t under
twist (M) and buckling (X) must for reasons of symme-
try be the. Balide at all four edges, so that one equation
will then suffice to define t. . :

. *

.-'-..
[N

- J.'
¥ith M &aes bending moment and ¥ as section modulus.
the assumption"o¥f:1inear distribntion of the normal stress—

es acrose the section, equation (3) becomes .

L R ub u" T
tEwW T "i:~v

<
-
e

A

N, e

A constant section modulns acrOss the length of the cell
and differentiation according to x (distance from left-
end bulkhead) gives:

1 aMy 1 aNMg

. W a&x T W dx- - 0 (4)
(7 -
3 whence
N a My —
= -~ W+t
d M
dx°=Q°+tc

which, written in (4) gives

_ Qu/Wy + Qc/¥ : \
- b/Ib ¥ 07'00 (5)

2, Stresé}ittitude of Shear-nesistant'Longitudinal Walls

Ry k&riue of a group of longlitudinal forces Xp =1 -
at the rth cell of the principal system (fig. 3), 1t is
1 b/Wy - c/W, _ _ :
2a b/Wp + /¥, (6)

4 tr=-
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- T..
after 1nsert1né Qb = -~ Br 1in (5) and Q¢ = = Cr from (2).
If the 1éigftudina1 walls are plates of constant
thickness dp, and¢ " 45, equation (6) becomes with Wy =

¥ dy. c® 4,4
& and Wg = 5 !
. 1 d2dy ~cd
P tp = + > - , . (7)
2 abddy+ o d,

With (2) .and (7) the longitudinal stresses at the edgzes
due to X, =1 (fig. 6) ares

X, b
M, ._ M -Br £ +J tr b ax % x/a
[~ é:l: —.—b-=-|-—g==|: > 0 = + : IB)
r o We 13 d'b/e b dp + ¢ dc\

The upper prefix applies to edges I:and III, thp other to
II and IV. A48 a result of Xp = 1, the shear sfresses

are Tirst evenly distributed (fig. 7), due to the edge
loading tp: - )

Lo

(8 . (%) 1 bdy-cd,
& T,r = do Tp,r = - tr = =z ¢ ap + ¢ do

(9)

In addition, however, it results in shear stresses perti-
nent to the normal stresses, which remain constant oveor
the cell length and distridbute themselves parabolically
across the longitudinal wall section (fig. 7):

1

(o) 3 b 7.\

To,r = 274 § dy + ¢ 4, [ (575)}
(o) 3 ¢ ' s ¥

Tc-r"aabdb+cdc[~l'(c/_2>‘

. "With - Tb r- and, Tg,r &8 the maximum shear stress
in the center of the horizprtal and the vertical walls,
we "have, because of. -X, =.1l: .

L 1 (10)

-
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[ r-ryer’h "t iew r:-. ' 2 b d + e d- h
. ‘ ._k B Tb r_ = :'-... 1 b (] ’l\/ M-’b
. ) _' 2 adp Db dp + ¢ de L_ oF WASAL L
A g0 (1)
o 0 bay+2ed, :
’ €T " " 2 ads bdy + c dg

With shear stresses (o) evenly distributed across the
vall sectlions, the total shear due to X, =1, 18

1 1
T —_— T s B—
v b,r =':2 a d"b. Cyr ~—. 2 a d"c (12)
A8 a repult of condition x,_, = 1 at the left bulkhead,
it is ' . .
Ca x _
o 4 . 6 (1 a) o

Or-1 = % 3735 + ¢ 4g (12)

The shear: Ty.3 due to Xr-1 =1 "48 of the same magnittde
but inverse sign’ ‘a8 that due to Xp = 1. s

The same s tress attitude due to X =1 1is afforded
when computing the individual longitudinel walls for the
pertinent emd:load 3B and € separately and allowing for
the adjacent walls with & "supporting or effectlve width",
bp = /6 eand op = ¢/6. The result is the same as previ-
ously, with. .- BREEE '

2 (bdy+ody) and Wo= S(bidy+e dg),

S
Hy = & =2 x and Mg = 7 =%— x
2 a ¢ 2 a

Ll
the edge stress

Mp _ e _

O. — 6
TEWM T W, T Thdpte g

In the more precise stress condition (see dppendix)
thé effective width decreases partiéularly in the vicin-
ity of the point of applicatlion of X. The value by =
b/6 end op = c¢/6 1g the limit value for a relatively
long box.
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Owing tq the tarstqn mdmd&% ﬂ on the principal sys-

tem (fig. 3), 1t ia i G et _
L I _
N 51’ . _ (14)

independent of the wall thickness of the longitudinal
walls when writing Qp.= - B, and Q. =~ O, of (1) into
(5) v

.. The longitudinal stresses at the edges due to N are
"with (1) and (14):
x
-Bg x+ [ ty b dx
G = ° =0
Ty

Thus the (’dist?ortion) of the free cell due to ‘¥ causes
a pure stress attitude in shear

I e (15)

db Tb o =4dg Te,0 =~ Yo = 3% .

Gonsequently (15) 1: identical to Bredt's formulas for thin-
walled tubee of enclosed section T4,

T =

3 1

g

-a

The torque at the bulkhead supports due to distribut-
ed torsionsl load m 1s (fig. 2):

mj &4 M4y 842
ui = . 2 j + 2 = a

The twisting moments M thus formed produce the same
stress attitude as before. The intermedlate.loading sets
up an additional stress attitude whose effect grows with
the bulkhead spacing. If myp 1s the horizontal and m,
the vertical torsional load initiated in the longltudinal
walls, (5) gives with ..

" (E- ) e=F(GE-)

the tangential edge loading:



13 §.4,8.4, Technlcal Memorahdum No. 744

—ayr fo0tta o 1’ c.d i L (: )
'x=-3¢ 'bd-b+cd. (16)

. ‘-'
{.-'.: *

Whence the stress attitudo due to the 1ntermed1ate loading
is ..

oot i;, 6 . ms - m - B
- ) -] -
% = * g dgrc 4 2 5o T (&= 3.
exs Et)2* ti (%)
dp Tu.z = % Te,s e > (17)

- ,.' 3
GRSV e Ay

w7y = gl'}'b-&l-::c' ig mbb'-c:.n£ G" - ‘). [1' - (;’/‘5)]J

. -7, However, the same stress condition is obtained agaln
when the individual longitudinal walls are computed sepa-

_.Tately for thelr respective .torsional load mp and me
"and an effective wildth, by = b/6 and cp = ¢/6 is as-
sumed, The effective wildth for bdroad or high boxes de~
creases according to the precise stress attitude, conform-
ably to the equationes given in the appendix.

. . With equal horizontal and vertical torsional load
mp = mg = m/2, a pure shear condition

db T, = 8o T,x= 5o(3- x)

is reached again. ¥For shear stresses 4 ) evenly dis-
tributed across the wall it reduces

e = A%+ 1) - ———— - é=3

£ + 4

°'; c dc (5 - i)

and
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3. Stress Attitude of Bulkheads

PR Y - S

~df. the. bulkheads themaelves consist of elastilc shear'1

resiating plates of d thickpness. the attitude due to
twisting moment ¥ and buckling force X on the princil-
pal_gypien. (figs 3) 1s a pure stress 1h’ shéar when assum-
ing Tigld pin-ended edge members.

Due to Xp = 1 the tangential edge load %, (fig.

8a) sets up in the left and right bdulkheads of the rth
cell the ahear:

—_— Tr . 1l 1
e T = = — = = and = + = 18

T d 2 ad 2 ead (18)

| N L
The amount of shear in the bulkheads due to M de-

pends on the applied torque M at the individual bdulk-
. heads. If they are, to begin with, equally divided by
the square cell over the horigontal and vertlcal longiltu-
dinal walls, no shear stress occurs. Otherwise the shear
stress attitude 1s obtained from the equilidbrium condition
at the bulkhead between the applled torque and the inverse~
1y acting, evenly divided %prque.

“ " With Mp as the horizontally, and M, as the ver-

tically, applied proportion of the torque, the shear due to
the tangential edge load %ty (fig. 8D and c¢) ie:

'E-o u'b - uc
T = e o = e ———— 19
0 & 2 becd. (19)

4, Attituvde of Deflection with Shear-Resistant Walls

With the stresses of the principal system (fig. 3) as
defined 1n the preceding seotions, the deflection factors
of the elastlicity equations can now be established. 1In
the plane stress attitude presumed for the individual
walls, the deflections (to be visumlized as potential en-
ergy) - with 4 = wall thickness -~ follow from:
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=al/ [ o, r.,kdrdy

mmw iz owboig.

+,/',/‘ 1ey.kd:ay+fj-rilykdx'dy]

ya .-:_-Fi AT e

o ' o '

Y R'-u :.':r:r--
;m,xﬁffﬁi%k x &
. -
- f f fi_l_fé_i dx dy f S J —EEJE dx dy].

with linear atress distribution for Gy,

Bik*ﬂff R T L ax 671 (20)

Y ’

is simplified. because g, = O.

-

PR

.oy

Fith the premised symmetry of the box- relative ‘to the

" median planes, the integration for the stress attitiudes
defined in the preceding sectlion gives the daflections due
to. cgngition X = 1 at

t -
(b d-'b'l"c dc)r (b d'b"'c dc)ﬁl
3 3
T 1 b 4 b° dytec” 4
¢ (") = —|—4 Z 4z L Ez‘ +
T, T 2ap | dp * 8o = B (b apte dg) ,
3 3 N . . s
1 JL c 4 ) db+c d $_ (21)
2ap;y |4y 8 B (b dyte dc) N
©): . ay Ny ;;ﬂ;ﬁ
esl™ .12, . * b? dp+cd de
ToT=1 2ap |4y  dg B (b dytc dg)
(8p,p41 coTrrespondingly). )
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15,
s b N : .
And in addition: "L LA }
PR S RPN . T B A " d.N\ be.
¢ br,r 4a.° & ? & :T' 2. ) d
Lo . ar r_; .- ar ‘ Er.'.:.m T
..r . _--. - - .. " L + 1 bc _ve
R ST I
— 1 1 “*1:\ bde
" Brires = = 2 (3 ) - (22)
. ar &p-21 29; Sy . - :
' 1) ke
!C.} g ' + = Be
Ir,r—-2 4&1‘—1 ar Ir—l *
(8r,r41 emd By 45 correspondingly), J

when the bulkheads are elastic and rigid in

With bulkheads rigid in their plane, the terms

disappear, leaving three terms.
up of members of length s
ET _(fig. 9b) it is necessary to put
"be/Gd  in the 61 k values.

If the bulkheads represent bending res
in thelr plane, with stiffness in bending
of the bars or uprights (fig. 9¢), be/6d

shear (fig. 9a)

81,k

If the bulkheads are built
and of longitudinal stiffness
z 83/

EP 1instead of

igtant frames
EJp or B J¢
must be replaced

2
by 24 ; (&P + ——) These figures stlpulate longitudinally
stiff edge gemhers of the bulkheads._ The last term
4 v® ay -+ d '
B~ % e 'appearing in the 6& ) values results

B © db + ¢ de

from the parabolic dietribution of the shear
¥ith a unliform distridbu-
Then the specilal

by the longitudinal strésses
tion of the shear this term

T.
sagpears.*

(o
T set up

*Relssner's report containg the assumption
imum shear distribution acrogs. the section

of uwniform max~-
for one condi-

T
term in &4 i

tion T4 or Ty. This gilves for the last
¥ + c? 4 1v° ap + ¢® 4,
t - —
b dy + ¢ 4, instead of 5 (b dp + ¢ d.csr
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casge oIﬂequal cells and rigid bulkhpadn affnw&t

e’ dea, a: ).."1_ .
T E7d dp ¥°7¢’ ac T ab.- T ‘

: . > (21a)
] 4 a 1 7% + S

G Sp,r

¢ 82,53 ® 3 T ap + ¢ dg  2a \Ap © &g

v+ Phe effect of the different . assﬂmptinns for the shear
distribution on the statically. 1nd9tarmin§na X 18 1llus-
trated in figure 20 (numerical example, section V). The
absolute_terms. §r,o .due to twiegting moment M are od-
tained wisn applying the oﬁtside torque M3 equally in

the horidontal . and verticalilongitudinal walls

¥ '
. (.:b Mty o
& 8rp0o =% Q: dc 2b° dn: ﬂ-c 1 3b ¢ .:'-(as)

If the horigontal quota My, , ##wunlike. the vertical quo-
ta Mg y of the torque and the bulkheads are alastic. the
' "additive’ abiolute terms aret S .

ﬁ

aril L 5 _ Bp,r . 1O :?f?f?fﬁf
» .‘::G. R 1"‘1!0 = 4 ar -dn h s * )
o . . e . T :
® -— 1 1 - 'uv'l'l - nc,“ > . i a
& 8z,0=- (;; tarm) s a,.”"z {24)

SRR I L - [ L DAL
fan G 8. = ublr':...-;nch - '. ‘_.i‘:’:r'l::t:"”
I‘+1 20 . 4 ar+1 'Ir . ll'_-. S Jn

If the bulkheads. are rigid the. E@ ° térms'dilappear.
Moreover, 1t will be. noted that with similar application
of egual torque at all bdulkheads and egual bul ead design.
no, 84,9 terms occur ezcept as edge valuea. 4~

RRE D P Y T T O
. In ‘the | special case of equal' cells and eqnal applima—
tian of torque or rigid bulkheads, 1t 18 ' - .

G 5r}o = (E; - E:) §hif;x.,-h- ;:”i. :(éha)
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FYor torsional load =nmp or mg

evenly distributed

between the bulkheads, the addit;ve absolute terms due to

the 1n§ermed1ate loading are:

' & m
n. lﬁr.n._’_-:-'--_:_brc [ >

1b: dpte dg|r

which reduces to

E 5y,

= th l-":Br+1-. y — Mg
o [b dp+o dc]r+1 (25)
3 -
2 & oy = Mg (25a)

=~ "be b dp+ ¢ 4,

for equal size end loadiﬁg ;f consecutive cells.

If."the box 4s rigldly Joined to one end bulkhead (O
or n) (buckling resistant constraint), the edge terms are
faund from (21) to (25) by assuming a rigid cell (4 or
I =) joining the edge cell (1 or n).

5. Square Cells with Reinforced Corners

If the éornefé of a box with shear-resistant walls
are reilnforced with stiffeners of section ¥, the stress

condition can be determined with the edge loading + from
(5) in the same manner as described in section III.2. 3Be-
cause of X, = 1 +this condltlon 1le:
—.:|: 6!/&. 1 ) .
T =*3 dp + c dg + 6 T 3'
N ]
Top o= s |1 - - B [1 (5}§£<- L (26)
' T 2a 4y bPbadp + c dg + 6 F ‘
s {j
. 1 26 dg = 3c de [l-"(g—z-/_h
C:T T T 2a dg - bdp + ¢ dg + 6 F J
"With shear uniformly distributed across the section,
1t 1s:
T 1 T = L (26a)
b.r = 25 3" ST T 2a dg &

Because of outside twisting moments i.

the stress
attitude 1s one of pure shear: .
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v . - E 2. . n 1
R £ Te.0 = = :
or Lt b, 0 2% o dp prd Te,0 = 53 e

The result of evenly distributod torslonal loadling 1s
,the additional normal streéss (compare (17)):
O = % € x (a -
B YT i as ¥ ET 3 bve X (27X

-epftro evenly digtributed shearing streses:

my a ‘ Mg a
T = —— (= . = (2. )
b2 = 36 dp \2: .) end  Te,z = 375 db.gz ’)

The deflection.factors due to X =1 for a box with
shear-rosistant walla ahd corner stiffenors are obtaineé«ﬂy
wrlting . e il P

’
.

% (b dp + ¢ &) + F 1instead of % (b dp + ¢ de)

in formules (21) for the box without corner stiffeners. The
terms §3 ) due to the elastlic bdulkieads as. well as the

absolute terms’ 5r o from (23) and {(24) dhe to outside -
torque, remein,” In the additive absolhnte. terms 8r,3 due
to evenly graded torsional load 1 (b dp + ¢ d5) must also

be replaced by [1 (b dp + ¢ dp) + T] The assumptiou of

uniform shear diatribution here 1ls the more approprilate as
the corner relnfercement 1s greater relative to the wall
sections (fig. 20).

6« Squnare Cells with Walls RSslstant 1n Tension Only

The rigidity in shear in-the walls of a box stiffened
at the corners can be disregarded, and the walls built of
very thin webs. Then the wed walls are only stressed in
tension; they form "tension dlagonal fieldp? (refereaceo 8).

The oblique tension stresses O in tho wed (fig. 10a)
8et up normal stresses and bending moments in the longitu-

* dinal flanges., TWith upright stiffenors spaced sultadly
closely e (4 to # of beam height h), tho bonding stress
is 1aeffective., The uprights dbalance the vertical compo-
nonts of tho teansion 0. applled at the top and dottom
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flange. The produced stress attitude 1s particularly sim-
Ple when assguming bonding resistant flanges together with
-+ longitudinelly ond bending.resistant pin-ended uprightsa.
The ‘permanent tension stresses O produced in each panel
between two uprights form an angle a = 4g°, independent
of:the transverse force Q acting in the panel

Flth finite longitudinal stiffness of the uprights,:
angle, @ becomes less, averaging about 40" for practical
éadea. The stress attitude 1is also somewhat modified with
fidiite bending stiffness of the uprights. - Instead of tke
sudden change in tenslon O at the uprights, there 1s a
rise in tenslon from the tension toward the compression
flange even in the panel. However, the assumption of lon-
gltudinally and bending resistant uprights suffices for
OUr PUrposes. .

The stress attitude in the lonzitudinal flangos and up-
rights due to equal panol-point loads P, 1is illuetratod
in figure 10b. The flanges and uprights are first subjoct-
g¢d fo linearly incroasiag temsion L' and V! as a result
of tho directly applicd components of the tenslon stresses
in the same direction; second, to constant temsion LP and
V" as a result of the support reaction transmitted by the
flanges and.uprighte of the vertically acting components
of the tension stresses. In figure 10 the load L' 1in
the top flange is a tension; in tae bottom flange, compres-
sion; the load L* 1in both flanges 18 compressive.

The argument for the flat plate beam with very thin
web 1s readily applicadble to the box with four such longil-
tudinal walls wherein, however, the longitudinal flanges
now refer to two_walls. The loading of a square cell (fig.
3) under twist - X produces in the horisontal and vertical
side walls obligue tension stresses corresponding in amount
and directidon to the outside couples By and Cp (equation

(1))
Q'b 4 Qc E

-2 S - .

» &y  ~ be db'='ph'° c d¢ be de

The temsion L'y (fig. 10D) of the horizontal and
vertical longitudinal walls cancels, whereas, the superposed
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i S aﬁbuﬁva to - ST ay T e

-[‘-" ] RPN D e Nt
'I'llll--."- -- .J-b.*-
a1 (‘“ W) 2 pBEeg (g

- s L. ‘4 dbe

For conditton ‘X =1 (fig. 3) the ditrection of the ten-
glle stresses formed as a result of the outside torsional
load 1s used as bdasis, because this attitude governs the
direction of the tension stresses in the finrnal system.
Owing to X = 1, there also will be oblique compressive
st{repssaesg. : - -

| I
FRs

... .The:result of Xy = 1 at the right tulkhead of cell
r . -begormes with Qp-= ~ By and Qg = =:0Op according to
(2) ' Wt

_ 1 1

Oour == gy T =+ g (29)

Besldes, owing to X, = 1, there are the 1oﬁg1tud1na1
flange stresses:

. . x
L'g,p = = Llgz,0= 111 =~ L'y, =+t

Sirroaad o . - (30)
" = L0 = LII Tt oo oom =4+ 2= ¢
and, owing to Xp_; = 1 at the left dulkhead:
— —3 == o= — - E
L't -1 = P'rz,0-1® Tlrrr, 0= = liv,r-a® 1 -
. (30a)

- = - b -
I, r=-1" I‘“II -1 L III,r=1" L" IV,r-1 4,

iﬂ

Illl

The appedrance of tension diagonal fields in the bulk-
heads is followed by oblique tension stresses of double
thé amount of the shear stresses in sectlon III,3. Then
the deformation factors are according to (20): :

2L =0 17 B ey
or -

D o o g
61(1.,]): = ib-l..i:i.l’_n_; abd dp and --QL!-.i__c.l.E a ¢ de
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for one fiald.;when asaum&ng constant tension stresses in
v o= bha«hori:ontar-and vertical fields of the cell.

9 The prOportion of one long4tudina1 flange of section
P to thp deformation factors 1s
; 'l (L) dx
| : . =S Ly I ET

Beiqg:pnesumad rigid, the uprights. do not contridbute

- ) (v) -
A 81,k =0
Thus, wlth:piﬁﬁetrical slze, the factors due to X, = 1,
ares o
-
D) _ \ 1 b . e 1
e[ @), 2@ D)
TeT [ dp dc/r 8r dy  de/rh @r4a
1 /e, (b - c)?
5571 = 4[ 5 * o) + 1
’ r r+1
1 1 )
+ 31!
<5r Tr  er+y Fpn ] > (31)
(D) _ (._.. ey 1
ESrr_— 2 (G + o) o \_
) 2
5LL) N B & (b - o) .
Sryr-1 = 6 Fp 16 ay ¥p o ."
(85, p+1 correspondingly) ° - J
Similarly, the absolute terms due to ¥ afe:
b S(D) _E - _— EEL"'J.'.
T, 0 d db d 1 DG
o _ (32)
B S(Ly My ur+1)'
"2 bc rr Fri1

For the special case of eqgual cells and rigid bulkheads,
woe have:
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2 )
_4 (b o 8a, (b=orc)
i E sr.r T a (d.'b + d.c +3P + ‘2 a ’
. . " a
=-2(b , e\, 2a_(b=-c)
oo _F 6r.r-:l. = a \dp +'dc>'+ 3 ¥ 4 o F ] e (33)
b c ¥ - |2 ¥
N VAL SN R r
BEbr,o = [(ab-- -a’-c)* 8 F ] Y )

(T A_ c¢omparison of 6&?& of (31) ard (32) with the

Si'L terms of (21) and (23) reveals that the only differ-

ence between the deformatlon quotas of the tenslon-resist-
ant walls and the shear-resistant walls with evenly dis-
tributed shear is in the factor 4 G/E. Tor elastic bulk-
heads the 84 ) terms gilven in (22) become additive to the

above deformation flgures Si?k and ai?k' If the bulk~

heads permit tenslonal dlagonal flelds, them G 18 to be
replaced Dby E/4. .

7. Blunt¥edge Cells

The attitude of stress and deformation established by
asguning an evenly distributed shear stress for the square
cell of shear-resistant walls wlth and without corner stiff-
eners can be likened to that of a box with flanges of

1 :
F=F+3 (b dp + ¢ dg)

sectlion concentrated 1n the corners. The transverse force
(shear) Qb and Q¢ -respectively, transmitted dy the

bulkheads is, in square cells, taken up by the walls of
section Fy = b d and ¥, = ¢ 4,, respectively, and the .
bending moments by the flanges of section ¥;. The btmadb-

vqrék forces of the wall T and the forces of the longi-
tudinal flange L, are

'T'b = T'b F'b = Q,'b and Tc = TG Fc = QC

' W _ L
LI=—LI.I=+I|III‘=-LIV=(—.B---‘c—)x

\

The deformation qudﬁg of walls and flanges are found
from: .

.
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.8 .dx L. B . dx
7;5( "p,1 To.k gy 000 S ,Tc,{:mc-k_e To .

JLL0

8

e~
B~
ot

T
’

. 3 - e
Si’L 6[' LiLkE]‘l' )

By assuming evenly distridbuted shear stresses the at-
~yitufde.of stress:and deformation can be_developed in gimi-
“1ar fashion for the blunt-wedge cell (fig. 1lla) with the

proviso, however, that the longitudinal flanges also aid

in taking up the shear from the bulkheadg. With the dimen-
slons of the rth cell (figi lla), the cmass otresses of the
walls are: olen

. br-rfbr_ x br_
R e " Sl ~ai

i

and
Sp=1.

Cr 7 €r-1 X
o x .

Te = Qe = Q¢ .7 "%z

which, when putting

_Xx _ by = bpy Cr = Cr-1
t = =, = X 0T i3 = X __-rz1

br-~a . Cr=a
by = by, (L + B E) and cp = cpuy (L + v §),

becomes

: 1 1
T'b = Q,b l_'r—ﬁ-T and ‘1‘0 = Qc r_i_“"v_'t"

The load on the longilitudinal flanges of length 1 1a:

= %W _ ) x
L * cx-\_ cx/" a 1 . /

Then the integration of



24 F,A.C.A., Technical Hemoreudum Ho. 744

(1) . 5P axp_ e gL X
Bi'k::__j Tbli Tb.k g r'b and of Tc.i Tc,k G rc
e .
) _ at
sil) = Ly Iy =%
1.k oj i k ;] n

6f§rlihg true lengths a3 and s, -and 1 (fig. 11b) zive
the deformation of walls and flanges, wherein

- n

¥+ £ (by dy + oy dc)
r'b = bz d-'b a.nd Fc = c: dc.
must be introduced.

With constant corner reinforcement ¥ the changing
flange soection Fi may be replaced by a constant mean
section. -

With dxy=ayp d § and dxg=a, 4 § and 4V =14¢

together with the 1insertion of the previously deflned T
anad I values, we have:

) 13 [Sp,1 % P EPdt %1 Qo PLP ot
LETEF, | bp., o (1+BEF 2y o (1myEr
_ g %e,xt 8,3 9,k b ot
bp.y Cr-i o (1+BE) (1++vE)
The integrels thereln are:
1 at 1+ B/2
, S — <
o (L+BE)° (1+p)
1 g% at 1 B+ 2

K .(_1.;_5-—2—)-3— = Es- [p E—;——l‘ - 2 1la (B + 1)]
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o £° a ¢ A 1n{f + 1) a(y + 1)
I o T s Sl ST S C
) ( 1___5;2—;1r and fl éi—g—gjr oorr;apondingly)
o (L+ v £ - 1+ v €Y, |

T L
. From these. deformation quotas &g ; and sg ; the

coeffidfents and the absolute terms of the elasticity
equations “Gan be worked up.

The cross stresses and Q. must be included con-

formably to the exiasting load cases. They are obtained
from twod elasticity equations in the same mannser as for
the square cell. With the abbrevietion .

Er = by cp-2 + cr br-a

'the cross dtresses at the bulkhead (r - 1) as a result
of Xy = 1, .1s :

= 2r-2 Pr Cr _ _ Sr-2 br °r
Q'b'r __——3-_r_fr Qc.r - = ar Ir_ *
The cross stresses Qp,p.y &and Q¢ ,r.; at dulkhead r

are as a result of Xp.; = 1 of opposite slgn and are ob-
tained by exchanging sign r and (r - 1) at b and c.

Owing to torsion moment M, it is:
by Cyp
W,o0 = 5 % Q0,0 = f;'ﬂ

“For the blunt pyramid cell (B = v), we have, dud to IXr =
1, :
b c

Qb.r = E_-E;:' Qcpr = - 2, a'i' .
and, owing to K, b
—. -—- i_._— [}
Qb,0 = 5“;;_1- Qc,0 = 2 br_l’ _;

In such pyramid cells the stress attitude of the prin-
..cipal system due to ¥ 1s particularly. simplp. It 48
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L . _ Tb.o _ Tc.o _ } { _ M L= 0
db<é$.o— Q¢ Te,0® oy = oy - bz ox B Fgl o T
that 1s, a pure shearing stress, according to Bredt'eLfor—
mula (15). The proportions of the absolute terms Sr o

H ’

also disappear_1ln this particular pabe. By contrast the
shear due to M 1n bPlunt-wedge cells, varles from Bredt's
fq;gnla:- .

¥ b. b M c, c
. - r Jr-1 S S ot}
d.-b T'b , 0 K—r _Fbx — and dc Tc , 0 xr cxa

-‘Besides, L, * O.

.. The attitude of the streas and deformation of bulk-
heads of bdlunt-wedge cells 1s obtalned as for the square
cell, If the bulkheads are rigld in shear the stress ant-
titude 1s one of pure shear agailn.

The strepss ;and Geformetion for blunt-wedge cells with
tension-resistant walls can be defined in the same manner
as for blunt-wedge cells having shear-resistant walils, when
starting with the assumptlon that the oblique tensile
stresses in wall center correspond to the evenly distribdb-
uted sh;aring stresses. (See Z.F.M., vol. 20, no., 9,.1929,
P 232.

IV. TINAL STRESS OF BOX

1. Resolution of RElasticity Equations

With the 84,k terms as defined in the preceding sec~
tion, the elastlcity equations can now be written and re-
solved. Those contalnlng three or five terms can be dias-
regarded, slnce a number of methods have already been de-
veloped for resolving them (reference 8).

In most cases an approxlimate solutlon 1s sufficient.
ds a rule the premlse of bdulkheads rigld 1n thelr planse,
is admisslible. TUnequal application of torque at the hori-
gontal and vertical longitudinal walls (Mp 3 Mc) with
this assumption results 1ln dlscrepancles of the redundant
members from the exact values (fig. 19), which become so
much greater as the successive bulkheads dlffer in size
and loading. Besldes, the redundancy effect at the more
distant bulkheads can ordinarily be disregarded. The sys-
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tem is divided into partial systems of two, or at the most,
three cells each, andl the redundencliea determined from one
equation each with one unknown or from two equations each
with two unknown factors (fig. 16). Thereby only the par-
tilal systems in the vicinlty of greater constraint of sec-
tional buckling need to be taken into consideration, 1i,e.,
adjacent to the fixation and at the points.of sudden
change of load or sigze of the cells. Laastly, the solu-
tions for the box with equal cells, given hereafter, can
be applied to systems having unequal cells whean proceeding
on the basis of a box whose cells have throughout the size
of the cells at the point of constrained sectlonal buck-
1ling, as, say, at the fixation (fig. 16).

. In the particular case of equal cells and bulkheads
rigid in their plane, the equation represents a differ-
ence equation of the second order with comstant values:

Xpy = 2 @ Xp + Xpypy = Vyp

With regularly changing load the solution can bde glven in
closed form (reference 9). For a box with equal cells and
riglid bulkheads constrained against buckling on one side,
this solutlion becomes for a torque My, at the free end

with a>1 or a< =~ 1" (upper or lower sign):
Sinh r @ a ¥,
Xp= === *1 4
r Cosh n @ ( ) M[a?——_I be (34)

and, as a result of evenly digtributed torsional loading.  m
with a>1 or o<~ 1l:

Cosh n @ aa -1

1 Cosh(n~-
L (- Shiame a7y pt ] a g (35)

On account of the intermediate losding, we also have:

v
xr = [% 81EE_IJL (il)r+n -

e (z) __ _ Cosh (n-r)Q uiz} a® n
*r [} Gosh n § ¢ 1>:] 2 (a-1) be

Tor the box with shear-resistant, longitudinal walls,
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cFan oo ) T oen

wé write: S e
~nsn n ;. -~ ‘-
LI oy ]
. .~|' P » A ——I_‘p)--'. 'w = Cosgh 1 Ial ’ ’
T S | (26)
- b M 2 p/4- mp < Mg
RS 1- 2 1-£ 7
'.\rf" [ ., - 2 . 2
!_7.\“_[ .t F] -
w“:eréb}"" o L e
. ‘apa @ d, da_ :
16 a® 2 e -
LT E R Y TR =
B db c’ dp  4c BT

For the box with silmple tenaion—resietant walls and corner
stiffeners F, we have: -

14 p, 4+ - 1+ g22p
Py P . _ =1 — b= ¢ 3
a = ._‘P = Coah |(1| + D (36&)
1-% ptR _ -3 Py * f
where
% a® % (b - c)?
F;_ = _:b:—_:—_—_'—_-‘:___s—].' p = _;b_—_: _.c_.\]-' (n as above) (37a)
» d¢ , p de/
¥ita

Sinh n @ ~ Cosh n @ and Cosh o ~Q

fir o >1 or a < -1 due to torque, the longitudinal
forces produced at bulkhead r = n are:

v a “o

T T

(z8)

—— ———— e S———

*The p and n values aro for uniform suear digtribution.
For parabolic distribution the Genominator has, aside from

4 b3dpt+cid
(—— + > the term = ———h—g——%; aid for evenly distrib-

'uted mazimum shear strees the term :z77—— ¥ith corner
bdytecde”

stiffeners F, the term (bdp+cdc+6 F) replaces bdptcde.
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and, as a result of evenly distridbuted torsional loading:

L s e = e B R _.}_. . v a® m. . ... (39)
A xn = ”==aa -1 a 2 (a ~ 1) b3 be

¥ith the values from (36) inserted, we have:

= AMEMEE. o a
and .
1
X, = _ _ 1 1 nane n (398)
V3p (1L+p/a) =n3op b e
Th 1 o - a T 2 ted
Vars ~ o o~ lot
e values ARSI and o 3o are plotte

4n figure 12, for various p and n. Tormulas (38) and
(39) ensure a rapld determination of the redundancy at the
point of fixatlion of the oneé-sidedly restrained box.

In the speclal case of a =1, that 1s, p = 0, tae
solution of the difference equation for a torque at tle
end or for uniform torsional load distribution is:

. a M
Xp = r 1 —339 (34a)
2 3
Ir = 3 n 55 (35a)

The case p = 0 occurs when the horlzontal or verti-
cal walls become infinitely thin., In such case the box
becomes a two-walled grillage (truass); then dy and dp = O
m = %1, and (34a) and (36a) represent the 1/c¢ and 1/b
time curve of bending moment of the truse.

But p = 0 can also occur wvhen the bulkhead spacing
a anproaches O. In that case a special llmlting transi-
tion 1s necessary because n must be made infinite,

Disregarding tihe small terms of the higher order when
&P and Q are amall (36) can be written es =

- -

a .
Cosh ¢ - 1 =aq- 1= %}. 2 (a=~-1) =3p = 93;

JEI= =0 v=n
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Patifss x=za, 1=n"8,

reon _ a8 1° % .
" 3 _ a _

* - (n q’) = (_b_.l. __G__ _'b__+ _c- (40)

dp des \dp 4¢
becomes
s88) x
o Sianh V¥ Tn1lM
Xr = Gosn ¥V o (34)

‘and’

.+ - [stmn ¥ ¥ Cosh ¥ (1.=.F)\ M| 1
S R T A (1 - COeh\F ' _)_17’ b e

. ., + (85D)
[: cosh ¥v(l1 - I') + \lf Sinh ¥ ] n 1?;,1.'
-7 B o OOSh w F b—;J.

Taée last formula 1s ldentical with Relssner's formula®' For

the edge stress of the one-sldedly restrained box with ‘in-

finitely close, rigid bulkheads and the same size with uni-
{(form torsional load digtribution.

The longitudinal forces at the restrained bulkhead
vwilth Infinitely close bulkhead spacing are:

2
i n 1 ¥, m " m
vt Xp = w2 gpnd X, = -1 —_
LT RSy RS a= (V=1 47 3
;a@ cpuree of the redundant members in dependence of tkte
bulkhead epacing is analyzed in a subsequent section,

2. Final Stresses and Loads

”

T In the box with shear-reslstant walfe the final shear-
ing stresses of the rth cell as a result “of torque MU at
~the bulkheads, are:

L the Vi
*Compare (8a) (referemnce 3). Conformable “to his assumption
on the shesr disbribution the term —2tCor - must Ve added
.bd.'b"'Cdc

in the denominator of V¥° and n. Ty

-\
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’ - r

- oot L ; "
Tr = Tr,0 + Tr, ,T-1 Xpa + Tr,r Xr (41)

L T i

For square cella. they are:

Tp = Tr.o + Tr.r (xr - xr—;) (41a)
IR F S T R a .
owlng to Tp,y-1 = - Tr,r. Here the shear Tr,o of (15)

and Tp,p of (9) and (10) or (11) and, if corner stiffen~
ers are used, of (26) must- be inserted.*

The final longitudinal stresses in the rth cell are:
Or = Op,r~1 Xr-~; + Or,r Xr (42)

For square cells the longitudinal stresses of (B8) and
(13) are inserted.

If the intermediate loading 1s taken into account for
uniform torsional load digtridbution n, stresses T

T, %
and Op, g (17) uust be added.

The oblique tensile stresses in the box with only ten-
slon-resistant longitndinal walls, are:

Op = Op,0 + Or,r-1 Xp-3 + Op,r Xp (43)
For square cells, it becomesy
Op = Op,0 + Op,r (Xp = Xp-1) (43a)

with Oy o (27) and Op,y (29). The final loads in the
longitudinal flanges are:

Ly = Lp,0 * LIp,r=1 Xp~y +. Lp,r Xy

(L' + LMz, + (B + IM)p py Xpoy . (24)

"

+ L' + L")y, r Xr

At the left and.niéht bulkhead of the rth cell of a square
cell, it 1s: .

-

*The slgn -r  ..for the tells in I1I,2,5,6, was omitted,
slnce 1t pertains to the rth cell throughout.
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(L4} Ly = B} 0.+ Xpyo+ IR o (X, .- xr—:.)
and (44a)
ETES R R R RNIC N

€Tr,0 (28), Iy, (30)5
! The final #tress attitude in shear-resistant bulkheads,
mY-¥ 2 : )

T = Tr,0 + Tr,r-1 Xr~1 + Tr,r Xr + Tr,r+1 Xr+1 (45)

and for square cells,

Ty =l?r.o + ?}.r-l (Xpmy = 2 Xp + Xpq1) (45a)

(Tr,0 (18)y Ty poy (19).

For simple tension-resistant desifn and rigid-edge
members of bulkhead, oblique tension stresses of doubdble
tnhe amount occur, )

" %, Angle of Twist -~ Twisting Rigidity (reference 10)

They both play an important role in proportioning air-
plane wings. The final angle of twist A ¢, of a cell of
a box beam may be composed of the angle of twlst A 9r,o

of tte cell in the principal system due to My and angles
of twist A @p yr., and A @r,r due to the tension groups

Xpy =1 and Xy =1 applled at the cell:
AQr = A Qr,0 + AQr,r-1 Xr-2 + A 9r,r Xr
For square cells with shear-resisting walls, we have:

- 2 o = .Br EI‘ _b_. + L
¢ 89r,0x &r [ [ T30 Mr dx 8y = jmp— o (d'b do)

¢ A @ poy == 06 AGpi =dr S S Tr,0 Ty, r-1 dx 4y

3 ’ — . ]-'--. : b.. c

and consequently: _ e

ap B, b 1 b Te¥et
s o R Y C R S A
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Then the angle of twilst of the box between any two bulk-

B heads i and k Ril

2b ¢

T

- 2‘bc l:(ﬁ dc 141

k

v+ {(m -

] c)
b me—— e " e +|l.l-
(db deo/ 1+1 }x1+;

-

i?ith constant dimensions of box,

c

= b
@ Pk = -§+ @ o - —I—Fi,;"rar(a*n,

dc 143

B ii)k x%}

it 1a:
LI 2 LI =
db d .
¢ 94,k = ; - §+ ¥r ar - —3";—;— (X1 - Xx)
k

Here 151 My ay represents the volume of the twist-—

momént area between the bulkheads I
the angle of twiast of the whole box DPetween 1ts end bulk-

and k. Accordingly,

(xo_' Xn)
Ay

=@ Pp,0 (1 - §)

heads 1is:
D, b _ e
dyp de B dp dg
G = - p - ——— ——
%0 = g7 F I Mroer 2 b e
wiaereby:
b e
=3 g kY = Mo
dp = de¢ § Ur ar

(46)

Consequently, 1f the buckling of the box with congtant’
dimensions at 1ts end bulkheads is not prevented

0), 1its angle of twist is as that of the principal system:

.:" ) ¢n = ¢n.° =

and 1ts rigidity to twisting:

_E
¢ J

(Xo = Xy =

(48)
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e - L 2 b .
I G Jg =6 Jd.o - ._.b___C_c_G_ (49)
v .

is ideénf¥fcal with that of thin-walled tubes of closed sec~-
tion T3 ocomputed according to Bredt!s formula:

_ 4 73° @

a Jd,o = - is
; g &
i 7 d

The dec ge 1n angle of twist of the box constrained
againat(EEE%&EEE%compared to the angle of twist of the main
system compil Yy Bredt's formula, 1s-expressed by the
factor { from (47), which is affected by the dimension as
well ag the type of loading and support. IFor the one-
sldedly fixed box with equal cells the Xp values of (39a)
and (39a) afford due to torque at the end:

n

§Hrar=—nallo

) (50)
. C__]_._ MNo M
[ H n : L
J39(1+%>J!
and, because of uniform torsional loading m:
n _ n 1 3 B
)Ekrar=§(r—§\aam=%aam
d L (51)
1 1 1 2n mn,
C'—" J (1 P —1—1-5_5 n
3 + -
P z )

Here p and m are asp defined in (37) (reference 10).
With uniform distribution of shoarinz stress:

b c
dyp de
Ll Sy

., For narrow bulkhead abacing (a-—0, n >») and with
tho adbreviation ¥ according to (40) for ¢ due fo-torquo
at tac end or uniform torsional loading, we can write
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t= e

- ?."3"% (i__.%). .

With equal wall thickness d4dp = de and

LR b-o @ _
L T " T e T gy EC OO0
2
- b -)
4 0.23 1(b + o)
b = - oz Dt C
§=o.4s%(T_;icf)— [1-0...3 1°j]

According to the preceding formulas for { the fixity
effect on the angle of twilet and the mean twlsting rigild-
1ty of the whole box need not be allowed for except with
short systems and such of markedly other than sguare sec-
tlon, respectively, wlith narkedly different wall thickness-
es dyp and d,. (See table I, section IV,4.)

Similarly, for the box with only temnslon-reslstant,
longitudinal walls and corner stiffener F, the mutual
angle of twist of the end bulkheands is:

b+ e 4 (bt eP
dy dgq F n

E % = I F & ¥ Uroar
) b _ e 4 8 -
- - (Zp - Xn)

=% @n,0 (1 -~ {).

The angle of twlst of the box with unrestrained end buck-
ling 1is:

and the twistlng rigldity 1ie:
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3 2
+ b c ®
#7403 o, (bt el
dyp dg 8 ¥
TABLR I
Ratio of final stresses Tp

rigldity G J3 to

Tn,o

36

and Op &and twisting
and twisting rigidity @& J4,0

for various side and wall thickness ratios ﬁ/c and db/dc.
s At the edges In center aJ 9
f wall [ n,o
dn/d.|v/ec 2. - of wall _ 1 G
v/ 8 |V/ Ten,o| Ton __ _Ten _: Ton Ten (®94d,0 n
Tbn.o Tcn,o T'nn.o Tcn.o
110 1 1 1 1
2 | 0,701 1,031 0.843 | 1.125 1.006
1 4 | 1.360 1.124 0.627 | 1.248 1.028
6 | 1.670 1.199 0.484 | 1,318 1.047
8 | 1.880 1.257 0.377 | 1.367 1.063
16 | 2.125 1.411 0,100 | 1,493 1.114
1 |-0.496 0.969 1.157 | 0.875 1.006
2 (o | 1 1 1 1
5 4 | 0,437 1.091 0.780 | 1.130 1.008
6 | 0.649 1,167 0.666 | 1.209 1.022
8 | 0.780 1.229 0.498 | 1.275 1,038
16 | 1,095 1.438 0.083 | 1.480 1.091
1 0 1 1 1 1
1/2 0.994 0.969 0.875 | 1.157 1.006
1/4 |, | 2.72 0.876 0.752 | 1.373 1.028
1/8 5.24 0.743 0.633 | 1.623 1.063
1/32 13.25 0.441 0.387 | 2.171 1.200
0 76.7 0 0 3 ™
l ’ (G'Jd,.o'—'o)

See tables II and III at end of report.
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The diminution factor { due to fixation 1is:

Db _ e r - &
ag " a.t BT b e (X - Xp)

For the one-sidedly restrained box with equal cells the
corresponding values due to a torgque at the end or uniform
torsional loading of (38) and (39) may be introduced.

4., Tixption Effect with Different Dimensional Systems
and Transverse Stiffening

The formulas for the redundancies (section IV,l) mani-
feat how the dimensions of the system and the trensversse
stiffening with buckling constraint and variadle twisting
moment affect the dliscrepancy of the final stresses and
twisting rigidity from the values of the principal system.
It is seen that thls dlecrepancy depends on the value n
(37) (section IV,1). It increases as the slde lengths
b/dp and c¢/dgs referred to the corresponding wall thick-
ness vary from each other., Table I gives the discrepancy
of the final system from the principal system in the nth
cell with evenly distributed torsional loading at differ-
ent aspect ratios b/c and wall thicknesses db/dc for a

restralned box of given length 1, glven section b c
and given bulkhead spacing a = 1l/8.

Because of the readily damped-out redundancy effect,
the length 1 and the number of cells n with fixed cell
length a 1ls of no particular influence on the decisive
change of the stress condition due to buckling constraint.
The effect of 1| and n with fixed length of system, "i.e.,
of the transverse stiffening on the stress condition is
more complicated. The data in tables II and III represent

the final stress condition due to evenly distributed toxr-
sional loading mg for various numbers of cells n = 17a

in contrast to the stress condition of the principal sye-
tem (O3 and To + Tz) as applied to a box with shear re-
slestant slides of given length 1 and given sectlion. The
effect of the lntermediate loading applied at the vertical
slde walls was taken into consideration. The original di-
mensions of the box are b/c = 4, dp/de =2, 1/c = 24,
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dp = ¢/100. The stresses are given at ..x/c = 2, 4, 6...24,
with x  denoting the distance from the free end.

The redundancies with different bulkhepd spacing a,
were computed according to (35), and are shown as ordi-
nates against the bulkhead figure in flgure 13. The graph
also shows the curve resulting from infinltely close bulk-
heads (35b) when the boundary is exceeded. The curve for
n = 24 already is practically the same as that of the
boundary_curve for n =w, -80 that 1n thils cese of a < ¢

-bulkhead-spacing, the assumptlon of infinitely close bulk-
heads ig, admissible. .

After a certain bulkhead spacing (a ~ 1/6) has- been
exceeded, there is no appreciable change in the final
streas condition, according to tables II and III; likewise,
the additional stress condition due to intermediate load-

+1pg is no longer of great significance. . From this follows
that the purpose of transverse stiffening, to emsure the
beat wniform stress distribution, and consequently. great-
er- twisting rigidity, is already obtained by comparative-
1y wide .bulkhead spacing. On top of that, the buckling
constraint,causes-:a.load in the narrow upright and a re~
leage in the wide horisontal side walls, whose effect,
_howeven, 18, with the usual bulkhead spacings, restricted
to the.vieinity of the fixation. Accordingly, it suffices
a¥ @ Tule, .to simply allow for the change in strese con-
dition .through the tensions X,, and for the rest, con-
sjder the stresses of the principal system as the final
ones,

V. NUMERICAL BXAMPLES

-

The following examples apply to a .one-sldedly re-
strained box with transverse stiffeners spaced at =n = 5,
as, for instance, used in the center box of an airplane
wing. (fig. 14). The loading conslists of a torque applied
at the end (of the wing-tip portion, for example): M, =
1200 m'kg and an evenly distributed. torsion at the upright
gide walls: mg = 500 m'kg/m. The- r%éult 1s the twisting
moment -area shown 1in figure 16, -

1. Box with Shear-Resistant Walls

a) Rigid bulkheads.- The shear-resistant side walls
are assumed to have stepped wall thickness and rigid bulk~
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heads. Dimensions: a = 80 cm, b = 120 cm, c = 40 om.

. ~¥Yall.thicknese 1n mm.
T = 1 2 3 4 5

Wi | =
o]

d'b = dc 1.5 leb l.8 l.8 2.0

Coefficients of deformation: For the special case of
equal cell length and equal thickness in vertical and hor-
izontal walla, equation (21) gives the coefficlents of the
redundancies:

G a 1 1
ff%m-aiiTT[;+aHJ+
1 ? +
— b+ e+ = L E“g) ( ;)-
a b (b + c) d.r d.r.'-

1 1 4 3+ 3| 1
'a,'za[b+°+ T] .

|
|

He
o

@ brr-2 = 45 F a0 5 (o ¥ &)

The load figures, according to (23), are:
=b=-c |l g _ 1 §

The evaluation of the deformation coeffliclents ylelds the
system of elastleclty equatlons of table IV.

TABLE IV, Elasticity Equations with Rigid Bulkheads .

i . -Toad figures due to
1 2 3 .41 5 ¥o=1200 | me=500

k , mkg mkg/m,
1 | 38.5 | -3.9 - - - 0 -2220
2 -3.9 35.3 -3.23 - - 1111 " =1295

3 - -3.2 32.1 -3e2 - : 0 -1850 -
4 - - -3 30.6 | ~2.9 "Bb5b -1020
b fo - - -“2,9] 14,5 - 8000 1 475600

mkg X 7.23298 = ft.~1b.
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e Redutidaféied: Thé~réaolutionrgiies:. s’

My = 1200umkg o g ¢ 500« hkg/m

= 131 "_x,__ = = 53_,., TR
?15 SO t 3 x,,- PR T
o L= 9. LRIt
T Aot N |
) Xg = 367 Xy = 521 E .

shown as a in figure 16, which likewilse: indicates the -
redundancies under the assumption that all cells are equal
that 1is, as the cell at the restraint (lines b). 1In the
latter case, the redundancles.may be compuged according

to (34).and (35)., Iith the.dimensions Df, the nth cell,

we have:

.

p=1l.14, m=0.37, a.==4.99.,',<p —eoah |a| =2.29, vV =0.86 .

for Mg = 1300 nkg for me = 500 mkg/m
r - - % ko L o
1 r L ’ . P . a . -

n a _ ) 'p a mc _
= i-;;.uo T + 353. 1 :2(a = 1), (-bc{ — + 72
et it . -.‘ " i .o
2
Y I -+ BB7
ria : ?*..-."' ) -’f ,/ua -1 'bc .

oA

Comparing &a and b, 1t 1a seen that, even with un-

equal cell dimeneions, the redundancies computed wita the
dimensions of the comstrained cell on the’ assumption of
“syual cells, ylelde close approximative wvulues. "For rough
dal¥ulation 1t suffices to compute the redgndancies inde-
perdently from a one-term equation (Xyp = = 83, 0/8y,1)
_sach. The ensuing redundanciles are shown 1n figure 16,
“denoted by Cs.

. TFinhl stresses.- jormulaa (21ga) and (49) giva the max-
imum suear and tension stresges (at wall csnter and gt'
edge..]) of tables V to VII. _The effect of the interhediate

1oad1ng due to mg 1is diaregqrded. (Ssee section IV;4 )

Figure 17 shows the shear stresses Tbr,o ‘and’ Téi,o
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at the principal system due to external load Mg and pe
‘and the additional shearing stresses Tor,x &and Ter,x

due to redundancies Xy. A4ccordingly, the restraint in
the horizontal slde wall produces in the nth cell, as a
result of constrained cross~sectional buckling, a decrease
in stress of the order of 30 percent and in the vertical
slde wall, an 1lncrease of approximately 20 percent. 1In
the other cells the discrepancies of the final stresses
from those of the principal system are minor.

The courgse of the tenslons qt is shown 1an figure
18, The abrupt change at the bulkheads 1s due to the
stepped dimenslon.

b) Elastic bulkhesdg.~ Here we include the redundan-
cies for the case of elastic, shear-resistant walls (d =
1 mm). The end bulkheads are assumed rigid as before.
Then the speclal_case of equal cell length and equal bulk-
head thickness d gives, according to (22) (section III,4)
the additional coefficients,

— 3 bec
UL
— b e P e
G B8p puy == ;S'E' G s-::-,z-—a = 4 £a
TABLE V

Shear at wall center and tensilon at edge I (kg/cma)
due to condition xr = 1 kg at principal system.

Or,r

r %t) —ng)r £r.r ng)r Tz, r Ter, r and
Tr,r=2
-0,0208 0.0937 | -0.,0312 | 0,0729 | -0,0520 0.2500
-0.0208 0.0937 | -0.0312 | 0,0729 | ~0.0B620 0.2500
-0.,0174 0.078) | ~0.0260 | 0.0607 | -0.0434 0.2083
-0.,0174 0.0781 | -0.0260 | 0.0507 | -0.0434 0.2083
-0.01566 0.0703 | -0.0234 | 0,0547 | -0.0390 0.1872

Ok
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- TABLE VI

Final shear and tension (kg/om®) dne to M, = 1200 m kg

T Tor,o0 [(Xp- Tbr, r Ter,r T - o
(mke) |=Ter,o0{Xrm1) | (Xp=Kpea) | (Xp-Xp-y)| P | ‘oF ¥
1|-1200|-83.3 3 0.2 - 0.2 |-83.1|-83.5| 0.8
2|-1200|-83.3 | 30 2.2 - 1.6 |-81.1 -84.9'{2:3
3]-1200|-69.5 | -24 -1.5 + 1,0 |-71.0|-68.5] 1.9
4|-1200|-69.5 | a4 2.7 - 1.9 |-66.8 -71.4{?3:%
5|-1200|-62.5 | 304 16.6 -11.9 |-45.9|-74.3|67.0

TABLE VII
Fi:al ghear and tension (xg/cm®) due to mg = 500 mkeg/m
—— L
Hr  |Tbr,o | (Xp~ Tor,r Ter,r T T o
(mkg) |=Tep, o Xpma) |(Xp=Xpey) | (Xp=Zpy ) br er d
1|- 200[-13.9 | - 62| ~4.5 ¥ 3.2 |-18.4|- 10.7|-15.5
2|- s00|-41.7 | + 13| +0.9 - 0.7 |-40.8|- 42.4f"12-7
3]/-1000 |-57.9 - 13 -0.8 + 0.6 ~58,7|~ 57.3|-12,9
4|-1400|-81.1 | + 72 4.4 - 3,1 |-76.7|- 84.2 {_i'é
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TABLE VIII

T Eladsticity equations for elastic bulkheads
(bulkheads o and n are rigid)

1 ‘ Load figures due to
S 2 3 4 5 Uo=1200 | ms=500
k _ : mkg mitg/m
(L) 38,6 |~ 3.9| O ] ~-2220
1|(Q) 9.4 |- 7,6| _1,9 - - 0 =1250Q
z 47.9 | -11.4 1,9 (4] -3470
- 3.9 36.3|- ‘3.2 0 1111 ~1295 -.
2 - 7.6 | _11.3= 7,5|__1.9 - 0 _ 0 ..
-11.4 46,6(-10.7 1.9 1111 -12985. .
o} - 3.2| 32.1|- 3.2 0 0 -1850 -
3 _ 1.9 {=_7.5| 11.3|- 7.5| 1.9 0| __o.
1.9 | ~10.7] 43.4|-10.7 1.9 0 -1850
0 - 3.2 30-5 - 2.9 555 -1020
4 - - _1e8]|= 7.5 9.4(- 3.8 0 -1250
1.9|-10.7| 39.9|- 6.7 1515] ~-2270
0 - 2.9] 14.4 6000 +7500
S - - —1e9|= 3.8 1,9 ] +1250

In like manner, equation (24) gives the additional
load figures for the torque M. &applled equally at all .
bulkheads as vertical momentsy . .
— —- .-uc
190 = & 8p-350 == @ 8p,0 = T %& a

@ 8

There are no additional load values for a torque at the
end when the end bulkheads are rigid.

The above additional coefficients give the system of
elasticlty equations of table VIII. The side (Lg and
dbulkhead (Q) quotas to the deformation coefficients are
shown separately. If X, 18 the solution of the equations
with flve terms for the original load values from the side
walls and Xy the solution for the additional load values
from the bulkheads, we have:
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because of M, = 1300 mkg becaunse of mg = 500 mkg/m
X1 = 6 Xr=0 , X, = ~ _57'_ X, = - 28
Xp = 24 X, =~ 59 Xz=- 8
Xz = 8 Xag=~- 66 X3=- 9
'}:'4=74 Xg = 41 X4 = - 22
Xs = 334 Xs = 484 X5 = + 69

The course of the redundancies Xp and Xr is showa in
figure 19 by b and ¢, in comparison with those (a) for
rigid bulkheads of figure 16. It is seen that (Mp,r =
He,r = Mp/2) the differeﬁeeibetween assumedly elastic and
rigzid tulkheads is small,‘éd long as the torque is uniform-
ly aprlied. The application of torque as horizontal cou-
ple. (Mp,r = Mp) produces equivalent additional values Xy
(lines ¢) with contrary sign. From these two limit cases
of application (Mg,y = Mp and Mp,r = Mp) all intermedi-
ary cases may be deduced.

2. Box with Corner Stiffeners

The restrained box with shear-resistant walls is now

assumed to be fitted with corner stiffeners P = 5 cm®?,
The outside dimensions are the same as before, the wall
thickness in all cells the same (db = dg = 2 mm) . The as-

sumption of rigid bulkheads gives the redunudancies accord-
ing to (34) and (35).

The graph (fig. 20) shows the rednndancies X, (lines
2a), the redundancies for an assumed uniformly, rather than
parabolically distributed shearing stress and maximum shear
for loading Mg (1lines 2P and 2c), and finally the redun-
dancies for an asstumed shear distribdation of a box without
coraer stiffeners (lines la to lc). It is seen that the
effect of the shear distributioan decreases as the coruer
stiffening increases.

The final stress curve is not shown separately. The
additional shearing stresses due to redundancy X, are
somewhat higher than in V,1, but the additional tensile
stresses are slightly lower.,
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3. Boz with Simple Walls Resistant to Tension

The restrained box with the same dimensions aa before,
18 now asgsumed to have only tension-resistant side walls
of thickness dp = 0.6 mm, de¢ = O.4 mm, and corner stiffen-

ers ¥ = 6 cm3,

Tor the particular case of equal cells and rigid bull-
heads the redundancies X, according to (34) and (35)
give: }

pp = 0.237, pg = 0,044, n = 0.333, a = 1,382,

¢ = 0.848, and Vv = 0,455

becaise of Mg = 1200 mkg because of mg = 500 mkg/m
X, = 26 X, = - 183
Xg = 72 X; = - 203
Xg = 173 Xa = - 76
X, = 417 X = 298
Xg = 955 Xg = 1205

The redundancy 1is shown as 3, in figure 20,

The cealculation of the oblique tensile stresses o,
a8 well as of the flange stresses Ly 18 effected by
(43a) and (44a). Tigure 21 gives dp Opr,0 = d¢ Ogr,o due
to outside loading at the principal system, together with
the additional values =dy Opp,x = 8¢ OTer,x due to Xr.

The stress decrease 1n the horizontal slde wall and the
increase in the vertical side wall 1s the same in this sys-
tem and amounts to about 30 percent in 'the nth cell.. Cells
adjacent to the restraint likewise manifest a greater in-
fluence of X, when the box has only tension-resistant
walls.

Figure 22 shows the flange stresses L} , due to out-

s8lde load at the principal 'system seéparate from the addi-
tional flange stresses L, ,y due to Xy. The great effect

of Xy on the flange stresses 1s thus manifest., -
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VI. APPERDIX
’r }-:
Stress Condition According to the Rigorous Theory
’: of BElasticity* .

IR A e T
7 The result of the tension group X =1 for the bdound-
ary condition of vanlighing buckling of elde-wall sections

}g-the.;@}lowing stress condition.

In the horizontal wall:

1 b/a -+ . b|Sinh k ¥y
x,%° = 2 o Spdpropdg CP°B E 35 [81nh . g

y Cosh k ¥y _ 4 Sinh k

2
1 b/a . b{Sirh k ¥y
Oy = —_— = = | === =7
7.v= + I o Sodptegdg PR X 3 [51nh L D
2
7 _ Cosh k y] cos k x,
%/2 goen x bJ
1 1 b/a b [ Cosh k
Ty = — & __ba i 2| Gos 4
b= 22 3y ¥ 2 om bpdptegdg O°°E 2|:81nh k2
)
-
¥ Siah k'y 2 Cosh k yl
- == - = ————= | gin k x,
v/2 Cosh k 2 P gosn k 2|
2 2J

In the vertioal wall:

Og o=+ X% L ——-—E/—f.-'——- Bechi k S I:Sinh__E
’ ] X

_ £ Qosh k g 4 Sinh k
/2 Gosn k 2

*)A detalled development of the following formulas willl be
given in a report soon to be published in the Ingenleur-
Archiv.
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Op o= - 3 L /o ( ) §1=.:_1_=__k.__g
: 2
) ‘ coah kz| .
- cos k x,
?5 Cosh k %J _
g S A 1. __c/a ‘e [Cosh k %
Awn= = 75 dg. zm tpdptcola Csch k 5 |.== c
Sinh k §
L Cosh k g X x
e /2 gopn i & g Eo Cosh k 2]

‘The effective width i:m is:

—]'—Sinhk'b—l

_ b kb
b = 2 Cosh k v - 1
: ; - BT
k= 2a

(em correspondingly).

The.nornal stresses Oy and the sheering stresses

" ‘for & box of aspect ratio a : b: c =2 : 4: 1 has boen
computed adcording to the preceding formulas and plotted in
figures 2% and 24. The dash lines show the stress for the
‘agdumption of linear normal strese distribution Oy and
parabolle shear dlstribution T.

Translation -by J. Vaniler,
National Advisory Committee
* for Aeronautice,
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Figure 3.~ Principal system with
twisting moments M and
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Figure 5.- Edge loading of
longitudinal
walls of cell.

Figure 6.~ Normal stresses o, due

1o X, = 1.
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Figure 8.~ Edge loading of bulk-
heads, (a) due to X.=1,

(b) due to My, (c) due to Mg .

Figure 7.- Shear stresses Ty, due

to X=1.
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~ box due to mg/c® = 1 for
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Figure 14.- One-sidedly restrained : !

s 4 2 r J. + 5
box with equally spaced pygure 15.. Twisting moment areas
transverse stiffeners, for sole torque N =

.;Wr (d:;/;;ao) - 1200 mkg and uniformly distributed
o 3 A torsional loading m, = 500 mig/m .
) T el L (ukg x 7.23298 = f£t.-1b.)

o Figure 16,- Redundancy Xy of restrained
box with rigid bulkheads,

a0y (a) vnequal size of cells,
(b) equal size of cells,

“r (c¢) unequal size and
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(8) Xp with rigid bulkheads, (2) no e
(b) %&;izgdeiazécnbﬁgg?d:ng_wd and corner stiffeners,
equal apolication of torque () under parabolic shear distribution,
(ﬁb - ﬁp ¥r/2), 4 (b) under uniform shear distribution,
r= Me,r = Mr (¢) under uniform maximm shear

(c) additive + X, for uneven appli- distribution
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C= 10cm

Figure 23.~ Normal stresses oy

Cc=10cm

.

Figs, 23,24

%, Jo ,
\
z

due to X = 1 kg according

to rigorous elasticlity theory.

kg/cn® x 14.2235 = 1b./sq.in.
kg x 2.20462 = 1b,

can X 03937 = in.

_ a-ecm _.L
Figure 24.~ Shear stresses T due to X = 1 kg according
to rigorous elasticity theory.
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